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Abstract: The expanding applications call for novel new-generation wide-bandgap 
semiconductors. Here, we show that a compound only composed of the ordinary elements Na and 
Cl, namely three-dimensional NaCl crystal, is a wide-bandgap semiconductor. This finding 
benefits from the breaking of conventional stoichiometry frameworks in the theoretical design, 
leading to the discovery of three-dimensional XY2 (X = Na, Li, K; Y = Cl, F, Br, I) crystals, with 
covalent bonds of Y pairs inducing the wide bandgap from 2.24 to 4.45 eV. Crucially, such an 
unexpected NaCl? crystal was successfully synthesized under ambient conditions. The 
unconventional stoichiometric strategy with other chemical elements potentially yields more wide- 
bandgap semiconductors, offering the capability for bandgap tuning. These unconventional 
stoichiometric materials may also exhibit superconductivity, transparent inorganic electrides, 
high-energy-density, and beyond. 
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Main Text: Compared to silicon-based semiconductors, the new-generation wide-bandgap 
semiconductors, such as GaN (1-6), Ga2O3 (7, 8), SiC (9-11), and perovskites (72, 13) exhibit 
superior thermal conductivity, enhanced resistance to high temperature and radiation, lower on- 
state resistance, and greater capacity for high-voltage applications. These advancements have 
garnered significant attention due to the substantial, sometimes even orders of magnitude, 
improvements in various performance metrics. However, the development of such wide-bandgap 
semiconductor devices has long been hindered by the scarcity of certain elements, particularly the 
rare precious metal Ga, and the challenges associated with material extraction and manufacturing 
processes (/4, 15). 


In the quest for new types of wide-bandgap semiconductors, as well as materials with other unusual 
properties, conventional stoichiometry frameworks, particularly for the main group elements, have 
more or less greatly restricted our thinking. Stoichiometry, proposed in the early nineteenth century, 
elegantly explains the formation of compounds, such as NaCl, the crystal composed solely of 
sodium and chlorine with 1:1 stoichiometry, which serves as a guide for the materials design. 


The discovery of three-dimensional (3D) crystals with unconventional stoichiometry, particularly 
for the main group elements, such as H3S (16, 17), CaHe (18), and Na3Cl/Na3Cl2/NaCl (19), sheds 
new light on the nature of matter. These materials have shown distinctive properties different from 
traditional materials with conventional stoichiometry, including transparent inorganic electrides 
(20), high-energy-density characteristics (2/, 22), and even near-room-temperature 
superconductivity (16-18). However, to date, they only predominantly emerged and were stable 
under extremely high pressure. 


Recently, unconventional stoichiometric two-dimensional (2D) crystals (i.e., Na2C1, Na3Cl, CaCl, 
LizCl, and K2Cl) (23-26) have been observed on graphene and metal surfaces under ambient 
conditions. They are stabilized by hydrated cation-z (27) and cation-metal interactions (28). It is 
essential to acknowledge the inherent limitations imposed by the short-range nature of cation- 
surface interactions, which relatively restrict the growth of materials in the third dimension and 
generally induce metallic properties due to the enhanced delocalization of unpaired valence 
electrons. These unconventional stoichiometric 2D crystals represent a promising avenue for the 
synthesis of 3D materials with unconventional stoichiometry under ambient conditions, which may 
exhibit intricate electronic and optical properties that can be designed and tailored, including 
electronic band structure and optical response. 


Here, by transcending the constraints imposed by conventional stoichiometry frameworks in 
materials design, we have theoretically predicted the stable 3D XY2 (X = Na, Li, K; Y = Cl, F, Br, 
I) crystals only composed of ordinary elements (Na, Li, K, Cl, F, Br, I) are wide-bandgap 
semiconductors with bandgaps ranging from 2.24 to 4.45 eV. The 3D XY>2 crystals hybrid ionic 
and covalent bonding, with covalent bonds of Y (Y = Cl, F, Br, I) pairs contributing to its stability 
and wide-bandgap semiconductor properties. The electron and hole carrier mobilities of 3D NaCl2 
crystal are 105 and 2,820 cm? V's |, respectively, comparable to those of GaN, Ga2Os, and SiC, 
showing their potential for wide-bandgap semiconductor applications. Crucially, the 3D NaCl 
crystal has been successfully synthesized under ambient conditions, and its wide-bandgap 
semiconductor properties have been experimentally confirmed. Notably, the methodology 
employed for constructing such 3D unconventional stoichiometric crystals and crystals with other 
elements and magic elemental ratios, not only yields more wide-bandgap semiconductors offering 
the capability for bandgap tuning, but also holds vast potential for advancing materials design, 
encompassing the realization of superconductivity and even near room-temperature 
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superconductivity, transparent inorganic electrides, and high-energy-density materials as the 
behavior of the 3D unconventional stoichiometric crystals obtained at extremely high pressure. 


Theoretical Prediction of 3D NaCl Crystal Structure and Bandgap 


Through global optimization search, we investigated the phase diagram of Na-C1 crystals 
composed solely of sodium and chlorine without external pressure, a condition typically 
approximating ambient but distinctly distant from high-pressure scenarios. Fig. 1B shows the 
convex hull diagram of 3D Na-Cl crystals explored by IM?ODE package (29) at a first-principles 
level, including a stable 3D NaCl: crystal (Fig. 1A). The formation energy of a 3D NaCl crystal 
is —0.03 eV/atom, calculated by the formula (1): 


pS [E(acl,) — E(NaCl) — =E(Cl,)| /3 (1), 


where Ee acCl2 ig the formation energy, and E(NaCl,), E(NaCl) as well as E(Cl,) are the total 


energy of 3D NaCl: crystal, 3D NaCl crystal and Cl2 molecule, respectively. It should be pointed 
out that, following conventional stoichiometry frameworks, Na in Na—Cl crystal should exhibit a 
+1 oxidation state and the corresponding Cl should exhibit —1, and it is well-known that a 1:1 
Na:Cl ratio in the 3D crystal, named NaCl, is the only known stable structure under ambient 
conditions. However, our calculations have clearly shown the theoretical evidence that a stable 3D 
NaCl crystal with an unconventional 1:2 Na:Cl ratio and negative formation energy, which is 
unexpected. 


The key to the stability of this 3D NaCl crystal lies in the structure, in which horizontal NaCl 
layers intercalate with vertical Cl pairs, forming a periodical layer-by-layer structure in the [001] 
direction. Within the NaCl layer, each Na bonds with six Cl, while each Cl (referred as C1!) bonds 
with only five Na. In the Cl layer, each Cl (referred as CI’) has two bonds, one to Na, and one to 
CI’. The optimized lattice parameters are a = 5.63 A, b=5.63 A, c=11.07 A and a= y=90°, p= 
116.89°, respectively. The 3D NaCl crystal has C2/m symmetry (space group No.12), a 
configuration unprecedented in literatures for Na—Cl crystals (19, 23). 


We employed the electron localization function (ELF) (30) to analyze the electronic structure of 
Cl! and CI’ and the results are depicted in Fig. 1C. It confirmed that electrons are strongly localized 
around Cl! within the NaCl layer, indicating the formation of ionic bonds between Na and Cl. 
Conversely, electrons within the Cl’ layer occupy the space between a pair of Cl’, indicating the 
formation of covalent bonds between these Cl’. Bader charge analysis (37) shows that each Na 
loses 0.84 electrons, while each CI! and Cl? atoms obtain 0.76 and 0.08 electrons, respectively 
(table S2). There is minor charge transfer between the Na and the cI? pairs to form ionic bond, 
which stabilizes both the NaCl ionic layer and Cl pairs. Natural bond orbital analysis (32, 33) 
reveals the formation of sp? orbitals between pairs of Cl’ (fig. S14), resembling the covalent bond 
in Ch molecule. This further confirmed that the specific configuration of 3D NaCl: crystal, formed 
by both ionic and covalent bonding, ensures the electrical neutrality and the stability of the 3D 
NaCl: crystals with unconventional stoichiometry. 


The 3D NaCl crystal was demonstrated to be energetically, dynamically, thermally, and 
chemically stable by using formation energy calculation, phonon dispersion, Ab Initio molecular 
dynamics (AIMD) simulation and chemical potential calculation (figs. S15 and S16). These results 
further underscore the significant potential for the existence of 3D NaCl crystals exhibiting both 
ionic and covalent bonding. 
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Excitedly, the bandgap energy of this unconventional 3D NaCl crystal is 4.22 eV (Fig. 1D), based 
on Heyd-Scuseria-Ernzerhof (HSE06) functional calculations (34). This value is much higher than 
those of popular wide-bandgap semiconductors of SiC (~3.20 eV) (35) and GaN (3.39 eV) (36), 
even close to that of Ga203 (4.20~5.30 eV) (37). The carrier mobility u is estimated based on the 
deformation potential (DP) model proposed by Bardeen Shockley (38). The electron and hole 
carrier mobilities of 3D NaCl: crystal are approximately 105 and 2,820 cm? V's! in the c 
direction, respectively, which is comparable to those of SiC, GaN and Ga203 (20~1000 cm? V~! 
s ') (39-42). The projected density of states (PDOS) shows that both the valence band maximum 
(VBM) and conduction band minimum (CBM) are mainly contributed by the p orbitals of Cl atoms 
(Fig. 1D). Further insights into the electron states are obtained through partial charge densities for 
VBM and CBM. As depicted in Figs. 1E and 1F, the VBM is primarily associated with C1! sp? 
orbitals, while the CBM is mainly contributed by Cl’ sp? orbitals, providing strong evidence of 
inner layer pairing of Cl atoms. 


Figure 1G shows the optical absorption spectra of 3D NaCl crystal along the a, b and c directions. 
Isotropy is observed between the a and b directions, with the first absorption peak commencing at 
the band edge of 4.22 eV and reaching its maximum at 4.62 eV. However, anisotropy is evident 
between a (b) and c directions, with the first absorption peak along the c direction emerging at 
4.70 eV. The significant ultraviolet (UV) spectra absorption of 3D NaCl: crystal illustrates its 
potential application in UV photodetectors. Notably, the absorptance along the c direction is much 
greater than that along the a and b directions, indicating structure-induced anisotropy. 


Synthesis and Characterization of 3D NaCl2 Crystals 


The positively charged polyethyleneimine (PEI) modified graphene oxide (p-GO) membranes 
exhibited a relatively smooth, dense surface and uniform, appropriate positive charge, which could 
induce more Cl than Na aggregation in NaCl solution near the surface. The drop-casted multi-layer 
p-GO membranes were immersed in a 1.0 mol/L (M) NaCl salt solution for 12 hours, and 
subsequently dried using filter paper. Further cleaning and drying steps, including surface washing 
with 5 mL deionized water, followed by 70°C under vacuum conditions for 12 hours, were 
undertaken to obtain the samples. Here, we denote the samples as Na—Cl@p-GO membranes. 


We utilized transmission electron microscopy (TEM) to examine the detailed morphology and 
atomic structure of the crystals on the membranes. The crystallization of the compounds was using 
high-angle annular dark-field scanning TEM (HAADF-STEM), with elemental content measured 
(Fig. 2A). A considerable number of regularly shaped areas with a ~1:2 Na:Cl atomic ratio (Fig. 
2A) were observed. Fig. 2B displays a typical area on the membranes where a clear crystal lattice 
could be observed by using high-resolution TEM (HR-TEM), and the region marked by the red 
rectangle is further magnified (Fig. 2C). The fast Fourier transform (FFT) of this region (Inset of 
Fig. 2C) aligned well with our theoretical predictions for crystals at the (001) plane (fig. S18A). 
The lattice spacing of the observed crystals was estimated as ~3.8740.12 A, which closely matches 
the theoretical Na-Na distance (~3.98 A). 


We further used cryo-electron microscopy (cryo-EM) (43, 44) to characterize the structure. Ultra- 
thin p-GO membranes were prepared for imaging under such low-damage and in situ conditions 
(45, 46). These ultra-thin p-GO membranes were fabricated directly on carbon holey films by 
dispersing a p-GO solution to a concentration of 0.01 g/mL and depositing 20 uL of the dispersion 
onto the film. Imaging parameters, including high-tension, exposure time, total doses, and low- 
dose techniques, were carefully adjusted to strike the best balance between increased electron- 
beam damage with higher doses and decreased resolution with lower doses. As a result, crystals 
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with higher crystallographic indices, such as (601) (Fig. 2F), were observed. Upon tilting this same 
crystal by 5°, the (301) lattice plane (Fig. 2G) became visible. This transformation is consistent 
well with our predicted 3D model (figs. $18B and S18C), providing reliable evidence that 3D 
NaCl: crystal indeed forms a 3D crystal. Moreover, the (001) plane has also been observed by 
cryo-EM with the presence of the graphene amorphous ring (fig. S7), confirming the in situ growth 
of 3D NaCl crystals. 


Ultraviolet (UV) and transport properties of 3D NaCl crystals 


We performed ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopy to explore the 

bandgap width of 3D NaCl: crystal. The UV-Vis-NIR spectrum of 3D NaCl: crystal (Fig. 3A) was 

obtained through subtracting the contributions of NaCl solution and p-GO suspension from the 

mixture of p-GO suspension and NaCl solution (fig. S9). The 3D NaCl: crystal exhibits an optical 

bandgap of 4.27 eV (Fig. 3A), as determined by the Tauc equation method (47) with an x-intercept. 

This value is in close agreement with the theoretical values (4.22 eV). Additionally, we employed 

a micro-photoluminescence spectroscopy (micro-PL) setup to measure the photoluminescence (PL) 
intensity of NaCl crystal, p-GO and Na—Cl@p-GO membranes. The samples were mounted on the 

cold finger of a closed-cycle cryostat and heated from 5 to 300 K under flowing helium. As 

illustrated in Fig. 3B, a minor peak at 3.48 eV (356 nm) and a pronounced PL peak at 2.96 eV (419 

nm) were observed at 5 K for Na—-C1@p-GO membranes, and two similar peaks located at 3.00 eV 

(414 nm) and 2.74 eV (452 nm) with low PL intensity were found for NaCl crystal. By contrast, a 

new PL peak of 2.75 eV (451 nm) was observed for Na—Cl@p-GO membranes. This value is 

smaller than the theoretical prediction of the bandgap of 3D NaCl» crystal. We attribute the 

difference to the presence of defect states in the 3D NaCl: crystal, which provides defect energy 

levels between the band gap, resulting in a redshift of the PL peak for the 3D NaCl: crystal. Notably, 
the intensity of the PL peaks exhibited only a minor increase upon cooling to 5 K and fully 

recovered upon reheating to 300 K (fig. S10). This result also indicated that Na-Cl@p-GO 

membranes are highly stable in terms of their optoelectronic properties across the temperature 

range of 5 to 300 K, critical for UV censer operation. 


We performed direct standard four-wire measurement using physical property measurement 
system (PPMS)-9 to quantitatively assess the transport property of Na—Cl@p-GO membranes. As 
depicted in Fig. 3C, the sheet resistance showed an exponential decay with the increase in 
temperature, consistent with well-known semiconductor behavior. We also measured the surface 
resistivity of the pure p-GO membrane, which exceeds 100 MQ, exhibiting inherent insulating 
characteristics. This indicates that the semiconducting properties we obtained in Na—Cl@p-GO 
membranes mainly result from the 3D NaCl: crystals. 


We then fabricated a photodetector based on the Na—Cl@p-GO membrane. Silver interdigital 
electrodes were deposited onto the dried membrane to assess its UV light response (Fig. 3D). 
Linear I-V characteristics (Fig. 3E) indicate the presence of Ohmic contacts between Na—Cl @p- 
GO membranes and Ag electrodes. A notable enhancement in photocurrent under UV light 
illumination in comparison to the dark current (Fig. 3E) further provides evidence of the effective 
optical absorption of 3D NaCl: crystal within the UV spectrum. The photo-switching property of 
the Na—Cl@p-GO membranes-based photodetector was measured under different bias voltages 
(Fig. 3F). The current exhibits sharp increases and decreases upon the initiation and termination 
of light illumination, respectively. This behavior indicates a strong interaction between light and 
charge carriers. Furthermore, the reproducible time-dependent photoresponse under cyclic 
illumination further confirmed the stable photo-switching characteristics of the Na—Cl@p-GO 
membranes-based photodetector (Fig. 3F). A transient photocurrent test was conducted on Na- 
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Cl@p-GO membrane-based photodetector under 365 nm light exposure to study its photo- 
switching performance. When subjected to a voltage of 1 V, the ascent and descent durations were 
recorded as 237 ms and 248 ms, respectively (fig. S13). 


Other 3D XY: (X= Na, Li, K; Y=Cl, F, Br, I) Crystal Structure and Bandgap 

The unique composition of 3D NaCl crystal, featuring a monolayer of NaCl with ionic bonding 
interspersed with a layer of covalently bonded Cl pairs, highlights the potential of combining ionic 
and covalent bonding strategies for stabilizing and synthesizing novel materials. This methodology 
could be extended to various main groups I-VII ionic materials XY2 (X = Li, Na, K; Y =F, Cl, Br, 
I). These materials were demonstrated to be energetically stable by using formation energy 
calculations (table S6). The bandgaps of these materials were calculated to span a considerable 
range, from 2.24 to 4.45 eV (Fig. 1H and table S7). Particularly, 3D LiF? and LiCl? crystals exhibit 
bandgaps of 4.42 eV and 4.45 eV, wider than the bandgap of 3D NaCl crystal (4.22 eV), while 
the bandgap of 3D Lil crystal is only 2.24 eV, which shows a moderate bandgap potentially 
suitable for solar cell absorption. The diverse options offered by the I-VII group of 3D XY2 crystals 
hold promise for revolutionizing semiconductor development by enabling tunable bandgaps, 
thereby facilitating their utilization in advanced semiconductor technologies. 


To summarize, by transcending the limitations of conventional stoichiometry frameworks, we have 
shown that a 3D unconventional stoichiometric NaCl crystal hybrids ionic and covalent bonds, 
with covalent bonds of Cl pairs contributing to its stability and wide-bandgap semiconductor 
properties. Explicitly, the 3D NaCl: crystal exhibits a bandgap of 4.22 eV, with electron and hole 
carrier mobilities of 105 and 2,820 cm? V's |, respectively. Its bandgap and carrier mobilities are 
comparable to those of SiC, GaN and Ga2O3, which exhibit bandgaps ranging from 3.00 to 5.00 
eV and carrier mobilities of 20 to 1000 cm? V~! s™!, showing its potential for wide-bandgap 
semiconductor applications. Crucially, the predicted 3D NaCl crystal has been successfully 
synthesized under ambient conditions and directly observed through in situ cryo-EM, and its wide- 
bandgap semiconductor properties have been experimentally confirmed. Additionally, a 
photodetector based on this NaCl2 crystal has been fabricated. 


This hybrid ionic-covalent mechanism universally endows materials composed of various 
elements with wide-bandgap semiconductor characteristics. We have theoretically constructed a 
series of 3D unconventional stoichiometric XY2 (X = Na, Li, K; Y = Cl, F, Br, I) crystals featuring 
hybrid ionic and covalent bonds. The bandgaps of these materials range from 2.24 to 4.45 eV. 
Furthermore, we believe that, by further exploring unconventional stoichiometry, the introduction 
of other chemical elements could yield more wide-bandgap semiconductors with an even broader 
range of bandgaps and carrier mobilities. Clearly, the diverse options provided by these crystals 
with unconventional stoichiometry potentially make the wide-bandgap semiconductors accessible 
and offer extensive applications with tunable bandgaps. 


Materials featuring both ionic and covalent bonding can be strategically manipulated to harness 
the benefits of both types of bonding. The extension of this bonding paradigm suggests the 
possibility of applying the Cl pairing strategy to larger clusters, including metallic clusters with 
magic numbers and even transition metals. Consequently, a wider array of unconventional 
stoichiometry materials could be designed under ambient conditions, facilitating materials with 
other distinctive properties, such as superconductivity and even near room-temperature 
superconductivity, transparent inorganic electrides, and high-energy-density characteristics under 
ambient conditions as the behavior of the 3D unconventional stoichiometric crystals obtained 
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under extremely high pressure. This marks a significant shift towards the exploration of materials 
beyond conventional stoichiometries for next-generation technological applications. 


Submitted Manuscript: Confidential 
Template revised November 2023 


References and Notes 


1. 


10. 


11. 


12. 


13. 


H. Amano, M. Kito, K. Hiramatsu, I. Akasaki, P-typed conduction in Mg-doped GaN treated 
with low-energy electron beam irradiation (LEEBI). Jpn. J. Appl. Phys. 28, L2112 (1989). 
doi: 10.1143/JJAP.28.L2112 


D. Tsivion, M. Schvartzman, R. Popovitz-Biro, P. Von Huth, E. Joselevich, Guided growth 
of millimeter-long horizontal nanowires with controlled orientations. Science 333, 1003-1007 
(2011). doi: 10.1126/science.1208455 


L. Nela, J. Ma, C. Erine, P. Xiang, T. H. Shen, V. Tileli, T. Wang, K. Cheng, E. Matioli, 
Multi-channel nanowire devices for efficient power conversion. Nat. Electron. 4, 284-290 
(2021). doi: 10.1038/s41928-021-00550-8 


Z. Y. Zheng, L. Zhang, W. J. Song, S. R. Feng, H. Xu, J. H. Sun, S. Yang, T. Chen, J. Wei, 
K. J. Chen, Gallium nitride-based complementary logic integrated circuits. Nat. Electron. 4, 
595-603 (2021). doi: 10.1038/s41928-021-00611-y 


Z. Q. Li, T. T. Yan, X. S. Fang, Low-dimensional wide-bandgap semiconductors for UV 
photodetectors. Nat. Rev. Mater. 8, 587-603 (2023). doi: 10.1038/s41578-023-00583-9 


J. L. Luo, Y. F. Geng, F. Rana, G. D. Fuchs, Room temperature optically detected magnetic 
resonance of single spins in GaN. Nat. Mater. 23, 512-518 (2024). doi: 10.1038/s41563-024- 
01803-5 


L. Nagarajan, R. A. De Souza, D. Samuelis, I. Valov, A. Börger, J. Janek, K. D. Becker, P. C. 
Schmidt, M. Martin, A chemically driven insulator-metal transition in non-stoichiometric and 
amorphous gallium oxide. Nat. Mater. 7, 391-398 (2008). doi: 10.1038/nmat2164 


L. F. Pan, J. H. Kim, M. T. Mayer, M. K. Son, A. Ummadisingu, J. S. Lee, A. Hagfeldt, J. S. 
Luo, M, Grätzel, Boosting the performance of Cu20 photocathodes for unassisted solar water 
splitting devices. Nat. Catal. 1, 412-420 (2018). doi: 10.1038/s41929-018-0077-6 


T. H. Lee, S. Bhunia, M. Mehregany, Electromechanical computing at 500°C with silicon 
carbide. Science 329, 1316-1318 (2010). doi: 10.1126/science.1192511 


A. Bourassa, C. P. Anderson, K. C. Miao, M. Onizhuk, H. Ma, A. L. Crook, H. Abe, J. Ul- 
Hassan, T. Ohshima, N. T. Son, G. Galli, D. D. Awschalom, Entanglement and control of 
single nuclear spins in isotopically engineered silicon carbide. Nat. Mater. 19, 1319-1325 
(2020). doi: 10.1038/s41563-020-00802-6 


G. Tuci, Y. F. Liu, A. Rossin, X. Y. Guo, C. Pham, G. Giambastiani, C. Pham-Huu, Porous 
silicon carbide (SiC): A chance for improving catalysts or just another active-phase carrier? 
Chem. Rev. 121, 10559-10665 (2021). doi: 10.102 1/acs.chemrev. 1c00269 


J. X. Xu, C. C. Boyd, Z. S. J. Yu, A. F. Palmstrom, D. J. Witter, B. W. Larson, R. M. France, 
J. Werner, S. P. Harvey, E. J. Wolf, W. Weigand, S. Manzoor, M. F. A. M. van Hest, J. J. 
Berry, J. M. Luther, Z. C. Holman, M. D. McGehee, Triple-halide wide-band gap perovskites 
with suppressed phase segregation for efficient tandems. Science 367, 1097-1104 (2020). doi: 
10.1126/science.aaz5074 


D. Kim, H. J. Jung, I. J. Park, B. W. Larson, S. P. Dunfield, C. X. Xiao, J. Kim, J. H. Tong, 
P. Boonmongkolras, S. G. Ji, F. Zhang, S. R. Pae, M. Kim, S. B. Kang, V. Dravida, J. J. Berry, 
J. Y. Kim, K. Zhu, D. H. Kim, B. Shin, Efficient, stable silicon tandem cells enabled by anion- 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


Submitted Manuscript: Confidential 
Template revised November 2023 


engineered wide-bandgap perovskites. Science 368, 155-160 (2020). doi: 
10.1126/science.aba3433 


S. Chu, G. P. Wang, W. H. Zhou, Y. Q. Lin, L. Chernyak, J. Z. Zhao, J. Y. Kong, L. Li, J. J. 
Ren, J. L. Liu, Electrically pumped waveguide lasing from ZnO nanowires. Nat. Nanotechnol. 
6, 506-510 (2011). doi: 10.1038/nnano.2011.97 


J. M. Wang, N. Xie, F. J. Xu, L. S. Zhang, J. Lang, X. N. Kang, Z. X. Qin, X. L. Yang, N. 
Tang, X. Q. Wang, W. K. Ge, B. Shen, Group-III nitride heteroepitaxial films approaching 
bulk-class quality. Nat. Mater. 22, 853-859 (2023). doi: 10.1038/s41563-023-01573-6 


A. P. Drozdov, M. I. Eremets, I. A. Troyan, V. Ksenofontov, S. I. Shylin, Conventional 
superconductivity at 203 kelvin at high pressures in the sulfur hydride system. Nature 525, 
73-76 (2015). doi: 10.1038/nature 14964 


D. F. Duan, Y. X. Liu, F. B. Tian, D. Li, X. L. Huang, Z. L Zhao, H. Y. Yu, B. B. Liu, W. J. 
Tian, T. Cui, Pressure-induced metallization of dense (H2S)2H2 with high-T, 
superconductivity. Sci. Rep. 4, 6968 (2014). doi: 10.1038/srep06968 


L. Ma, K. Wang, Y. Xie, X. Yang, Y. Y. Wang, M. Zhou, H. Y. Liu, X. H. Yu, Y. S. Zhao, 
H. B. Wang, G. T. Liu, Y. M. Ma, High-temperature superconducting phase in clathrate 
calcium hydride CaH6 up to 215 K at a pressure of 172 GPa. Phys. Rev. Lett. 128, 167001 
(2022). doi: 10.1103/PhysRevLett.128.167001 


W. W. Zhang, A. R. Oganov, A. F. Goncharov, Q. Zhu, S. E. Boulfelfel, A. O. Lyakhov, E. 
Stavrou, M. Somayazulu, V. B. Prakapenka, Z. Kondpkova, Unexpected stable 
stoichiometries of sodium chlorides. Science 342, 1502-1505 (2013). doi: 
10.1126/science. 1244989 


K. Lee, S. W. Kim, Y. Toda, S. Matsuishi, H. Hosono, Dicalcium nitride as a two-dimensional 
electride with an anionic electron layer. Nature 494, 336-340 (2013). doi: 
10.1038/nature11812 


D. Laniel, B. Winkler, E. Koemets, T. Fedotenko, M. Bykov, E. Bykova, L. Dubrovinsky, N. 
Dubrovinskaia, Synthesis of magnesium-nitrogen salts of polynitrogen anions. Nat. Commun. 
10, 4515 (2019). doi: 10.1038/s41467-019-12530-w 


Y. Wang, M. Bykov, I. Chepkasov, A. Samtsevich, E. Bykova, X. Zhang, S. Q. Jiang, E. 
Greenberg, S. Chariton, V. B. Prakapenka, A. R. Oganov, A. F. Goncharov, Stabilization of 
hexazine rings in potassium polynitride at high pressure. Nat. Chem. 14, 794-800 (2022). doi: 
10.1038/s41557-022-00925-0 


G. S. Shi, L. Chen, Y. Z. Yang, D. Y. Li, Z. Qian, S. S. Liang, L. Yan, L. H. Li, M. H. Wu, 
H. P. Fang, Two-dimensional Na—Cl crystals of unconventional stoichiometries on graphene 
surface from dilute solution at ambient conditions. Nat. Chem. 10, 776-779 (2018). doi: 
10.1038/s41557-018-0061-4 


L. Zhang, G. S. Shi, B. Q. Peng, P. F. Gao, L. Chen, N. Zhong, L. H. Mu, L. J. Zhang, P. 
Zhang, L. Gou, Y. M. Zhao, S. S. Liang, J. Jiang, Z. J. Zhang, H. T. Ren, X. L. Lei, R. B. Yi, 
Y. W. Qiu, Y. F. Zhang, X. Liu, M. H. Wu, L. Yan, C. G. Duan, S. L. Zhang, H. P. Fang, 
Novel 2D CaCl crystals with metallicity, room-temperature ferromagnetism, heterojunction, 
piezoelectricity-like property and monovalent calcium ions. Natl. Sci. Rev. 8, nwaa274 (2021). 
doi: 10.1093/nsr/nwaa274 


25. 


26. 


2T: 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


Submitted Manuscript: Confidential 
Template revised November 2023 


Y. Z. Li, Y. M. Zhao, X. Liu, Y. W. Qiu, Z. L. He, S. L. Zhang, H. P. Fang, L. Chen, L. Zhang, 
G. S. Shi, 2D metallic abnormal LizCl crystals with unique electronic characteristics applied 
in capacitor and humidity Sensor. Adv. Mater. Interfaces 10, 2202099 (2023). doi: 
10.1002/admi.202202099 


J. Zhan, Z. D. Lei, X. Liu, M. J. Yang, M. Y. Li, H. P. Fang, Y. Zhang, Y. Wang, G. S. Shi, 
Abnormal-stoichiometric KxCl crystal decoration: A new strategy to improve K-Ion storage 
performance of graphene paper. Carbon 192, 93-100 (2022). doi: 
10.1016/j.carbon.2022.02.031 


L. Chen, G. S. Shi, J. Shen, B. Q. Peng, B. W. Zhang, Y. Z. Wang, F. G. Bian, J. J. Wang, D. 
Y. Li, Z. Qian, G. Xu, G. P. Liu, J. R. Zeng, L. J. Zhang, Y. Z. Yang, G. Q. Zhou, M. H. Wu, 
W. Q. Jin, J. Y. Li, H. P. Fang, lon sieving in graphene oxide membranes via cationic control 
of interlayer spacing. Nature 550, 380-383 (2017). doi: 10.1038/nature24044 


Z. L. He, X. Liu, Y. Z. Li, H. Y. Yang, Z. L. Ding, Y. Luo, G. S. Shi, Unexpected iron 
corrosion by excess sodium in two-dimensional Na—Cl crystals of abnormal stoichiometries 
at ambient conditions. J. Colloid Interf. Sci. 648, 102-107 (2023). doi: 
10.1016/j.jcis.2023.05.160 


Y. Y. Zhang, W. G. Gao, S. Y. Chen, H. J. Xiang, X. G. Gong, Inverse design of materials by 
multi-objective differential evolution. Comp. Mater. Sci. 98, 51-55 (2015). doi: 
10.1016/j.commatsci.2014.10.054 


B. Silvi, A. Savin, Classification of chemical bonds based on topological analysis of electron 
localization functions, Nature 371, 683-686 (1994). doi: 10.1038/371683a0 


G. Henkelman, A. Arnaldsson, H. Jónsson, A fast and robust algorithm for Bader 
decomposition of charge density. Comput. Mater. Sci. 36, 354-360 (2006). doi: 
10.1016/j.commatsci.2005.04.010 


B. D. Dunnington, J. R. Schmidt, Generalization of natural bond orbital analysis to periodic 
systems: applications to solids and surfaces via plane-wave density functional theory. J. Chem. 
Theory Comput. 8, 1902-1911 (2012). doi: 10.102 1/ct300002t 


A. P. Foster, F. Weinhold, Natural hybrid orbitals. J. Am. Chem. Soc. 102, 7211-7218 (1980). 
doi: 10.1021/ja00544a007 


J. Heyd, G. E. Scuseria, M. Ernzerhof, Hybrid functionals based on a screened Coulomb 
potential. J. Chem. Phys. 118, 8207-8215 (2003). doi: 10.1063/1.1564060 


A. D. Dunkelberger, C. T. Ellis, D. C. Ratchford, A. J. Giles, M. J. Kim, C. S. Kim, B. T. 
Spann, I. Vurgaftman, J. G. Tishler, J. P. Long, O. J. Glembocki, J. C. Owrutsky, J. D. 
Caldwell, Active tuning of surface phonon polariton resonances via carrier photoinjection. 
Nature Photon. 12, 50-56 (2018). doi: 10.1038/s41566-017-0069-0 


Y. Xie, Y. T. Qian, W. Z. Wang, S. Y. Zhang, Y. H. Zhang, A benzene-thermal synthetic 
route to nanocrystalline GaN. Science 272, 1926-1927 (1996). doi: 
10.1126/science.272.5270.1926 


Y. Kobayashi, K. Kumakura, T. Akasaka, T. Makimoto, Layered boron nitride as a release 
layer for mechanical transfer of GaN-based devices. Nature 484, 223-227 (2012). doi: 
10.1038/nature 10970 


10 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


Submitted Manuscript: Confidential 
Template revised November 2023 


J. Bardeen, W. Shockley, Deformation potentials and mobilities in non-polar crystals. Phys. 
Rev. 80, 72-80 (1950). doi: 10.1103/PhysRev.80.72 


T. Y. Zhai, L Li, Y. Ma, M. Y. Liao, X. Wang, X. S. Fang, J. N. Yao, Y. Bando, D. Golberg, 
One-dimensional inorganic nanostructures: synthesis, field-emission and photodetection. 
Chem. Soc. Rev. 40, 2986-3004 (2011). doi: 10.1039/COCS00126K 


S. Nakamura, Nobel lecture: Background story of the invention of efficient blue InGaN light 
emitting diodes. Rev. Mod. Phys. 87, 1139 (2015). doi: 10.1103/RevModPhys.87.1139 


C. F. Pan, J. U. Zhai, Z. L. Wang, Piezotronics and piezo-phototronics of third generation 
semiconductor nanowires. Chem. Rev. 119, 9303-9359 (2019). doi: 
10.1021/acs.chemrev.8b00599 


E. Barrigon, M. Heurlin, Z. X. Bi, B. Monemar, L. Samuelson, Synthesis and applications of 
II-V nanowires. Chem. Rev. 119, 9170-9220 (2019). doi: 10.102 1/acs.chemrev.9b00075 


K. H. Zhang, D. Julius, Y. F. Cheng, Structural snapshots of TRPV1 reveal mechanism of 
polymodal functionality. Cell 184, 5138-5150 (2021). doi: 10.1016/j.cell.2021.08.012 


P. Xiao, S. C. Guo, X. Wen, Q. T. He, H. Lin, S. M. Huang, L. Gou, C. Zhang, Z. Yang, Y. 
N. Zhong, C. C. Yang, Y. Li, Z. Gong, X. N. Tao, Z. S. Yang, Y. Lu, S. L. Li, J. Y. He, C. X. 
Wang, L. Zhang, L. L. Kong, J. P. Sun, X. Yu, Tethered peptide activation mechanism of the 
adhesion GPCRs ADGRG2 and ADGRG4. Nature 604, 771-778 (2022). doi: 
10.1038/s41586-022-04590-8 


X. F. Wang, G. Pawar, Y. J. Li, X. D. Ren, M. H. Zhang, B. Y. Lu, A. Banerjee, P. Liu, E. J. 
Dufek, J. G. Zhang, J. Xiao, J. Liu, Y. S. Meng, B. Liaw, Glassy Li metal anode for high- 
performance rechargeable Li batteries. Nat. Mater. 19, 1339-1345 (2020). doi: 
10.1038/s41563-020-0729-1 


Y. Z. Li, Y. B. Li, A. Pei, K. Yan, Y. M. Sun, C. L. Wu, L. M. Joubert, R. Chin, A. L. Kon, 
Y. Yu, J. Perrino, B. Butz, S. Chu, Y. Cui, Atomic structure of sensitive battery materials and 
interfaces revealed by cryo—electron microscopy. Science 358, 506-510 (2017). doi: 
10.1126/science.aam6014 


J. Tauc, Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bull. 
3, 37-46 (1968). doi: 10.1016/0025-5408(68)90023-8 


X. P. Zhang, M. J. Jia, L. L. Wang, P. Jia, L. Jiang, W. Guo, Rectified ion transport through 
2D nanofluidic heterojunctions. Phys. Status Solidi Rapid Res. Lett. 13, 1900129 (2019). doi: 
10.1002/pssr.201900129 


D. Quan, D. Y. Ji, Q. Wen, L. H. Du, L. L. Wang, P. Jia, D. Liu, L. P. Ding, H. L. Dong, D. 
N. Lu, L. Jiang, W. Guo, Laterally heterogeneous 2D layered materials as an artificial light- 
harvesting proton pump. Adv. Funct. Mater. 30, 2001549 (2020). doi: 
10.1002/adfm.202001549 


R. Storn, K. Price, Differential evolution — A simple and efficient heuristic for global 
optimization over continuous spaces. J. Global Optim. 11, 341-359 (1997). doi: 
10.1023/A:1008202821328 


G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy calculations 
using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996). doi: 
10.1103/PhysRevB.54.11169 


Submitted Manuscript: Confidential 
Template revised November 2023 


52. P. E. Bléchl, Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994). doi: 
10.1103/PhysRevB.50.17953 


53. G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-wave 
method. Phys. Rev. B 59, 1758-1775 (1999). doi: 10.1103/PhysRevB.59.1758 


54. J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. Phys. 
Rev. Lett. 77, 3865-3868 (1996). doi: 10.1103/PhysRevLett.77.3865 


55. H. J. Monkhorst, J. D. Pack, Special points for Brillouin-zone integrations. Phys. Rev. B 13, 
5188 (1976). doi: 10.1103/PhysRevB.13.5188 


56. E. Sanville, S. D. Kenny, R. Smith, G. Henkelman, Improved grid-based algorithm for Bader 
charge allocation. J. Comput. Chem. 28, 899-908 (2007). doi: 10.1002/jcc.20575 


57. W. Tang, E. Sanville, G. Henkelman, A grid-based Bader analysis algorithm without lattice 
bias. J. Phys: Condens. Matter 21, 084204 (2009). doi: 10.1088/0953-8984/2 1/8/084204 


58. T. R. Galeev, B. D. Dunnington, J. R. Schmidt, A. I. Boldyrev, Solid state adaptive natural 
density partitioning: A tool for deciphering multi-center bonding in periodic systems. Phys. 
Chem. Chem. Phys. 15, 5022-5029 (2013). doi: 10.1039/C3CP50350J 


59. D. Y. Zubarev, A. I. Boldyrev, Developing paradigms of chemical bonding: Adaptive natural 
density partitioning. Phys. Chem. Chem. Phys. 10, 5207-5217 (2008). doi: 
10.1039/B804083D 


60. A. Togo, I. Tanaka, First principles phonon calculations in materials science. Scr. Mater. 108, 
1-5 (2015). doi: 10.1016/j.scriptamat.2015.07.021 


61. A. Ziletti, A. Carvalho, D. K. Campbell, D. F. Coker, A. H. Castro Neto, Oxygen defects in 
phosphorene. Phys. Rev. Lett. 114, 046801 (2015). doi: 10.1103/PhysRevLett.114.046801 


Acknowledgments 


We thank Profs. Liang Chen, Jianhua Jiang, Drs. Yizhou Yang, Xiaoling Lei, Yingying Huang, 
and Liuhua Mu for their constructive suggestions. We thank the PL measurement system for 
material characterizations in NANO-X Vacuum Interconnected Nanotech Workstation, Suzhou 
Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences. The computational 
resources are provided by the High-Performance Computing Cluster of Wenzhou Institute, UCAS 
and Inner Mongolia Zhongke Supercomputing Technology Co., Ltd. We also thank the Instrument 
Analysis Center of Xi’an Jiaotong University for cryo-EM imaging and analyses. Funding: This 
work is supported by the Shanghai Science and Technology Innovation Action Plan 
(23JC1401400), Natural Science Foundation of Wenzhou (L2023005), Natural Science Basic 
Research Program of Shaanxi (2022JC-DW5-02), and National Natural Science Foundation of 
China (12304006). Author contributions: H.F. and Y.Z. designed the project. Y.Z., S.G., Y.X., 
and Y.Z. predicted the existence of three-dimensional crystals with unconventional stoichiometry 
via IMODE package. Y.Z., J.J., R.Y., L.C., Y.Q. and J.Z. synthesized NaCl crystals and p-GO 
membranes. L.Z., J.J., R.Y., and X.S. characterized the three-dimensional NaCl2 crystal by TEM 
and cryo-EM. Y.Z. and J.J. performed UV-Vis-NIR spectroscopy to measurement the bandgap 
width. X.W. and F.Q. fabricated a photodetector based on the Na—Cl@p-GO membranes. H.F., 
Y.Z., L.Z., G.S., S.G., and J.J. co-wrote the paper. All authors discussed the results and commented 
on the manuscript. 


Submitted Manuscript: Confidential 
Template revised November 2023 


Competing interests: Authors declare that they have no competing interests. 

Data and materials availability: All data are available in the main text or the supplementary 
materials. 

Supplementary Materials 

Materials and Methods 

Supplementary Text 

Figs. S1 to S18 

Tables S1 to S8 

References (48-6/) 


Submitted Manuscript: Confidential 
Template revised November 2023 


FAA AAAAAAA. 


FANAANANS i 


ODO 


7 D CS E . B 
BERLLBERIT O06 GC.) 
Le Ona Oc' Ọ ce 


— Total 
—— Nas 
— Cl p 
— Cl? p 


O Na 


“gr T R F Density of States O Na 


+ (eV/atom) 
a = & © 

N @o A 
Sac ] 


o ci 


o Ci 


0.0 0.2 0.4 0.6 0.8 1.0 
Fractional concentration of Cl 


© Cr 


© Cr 


Absorption (105 cm1) 


Bandgap (eV) 


ak 
a 


1.0 


0.5 


0.0 


a Ona oci o c 


== Fa 


3.0 4.0 5.0 6.0 
Energy (eV) 


Fig. 1. Three-dimensional (3D) XY2 (X = Na, Li, K; Y = Cl, F, Br, I) crystal structures and 
the corresponding bandgap energies of XY2. (A) 3D NaCl: crystal structure. The yellow, green 
and blue balls are Na ion, Cl! ion and Cl’ ion, respectively. (B) Convex hull diagram of Na—Cl 
crystals composed solely of sodium and chlorine obtained from both the ground state structures 
and the structural search. The structure of 3D NaCl crystal studied in our work is energetically 
stable against decomposition into NaCl and Clo. (C) Two-dimensional (2D) projection of electron 
localization function (ELF) at (110) plane. The unit cell is marked by the black line. (D) Heyd- 
Scuseria-Ernzerhof (HSE06) band structure, total density of states (TDOS) and projected density 
of states (PDOS) of 3D NaCl crystals. (E) and (F) Partial charge densities for valence band 
maximum (VBM) (red) and conduction band minimum (CBM) (blue) of 3D NaCl crystals. (G) 
Density functional theory (DFT) simulated absorption spectra for 3D NaCl crystals along the a, 
b and c directions. (H) Bandgap energies of 3D XY2 (X = Na, Li, K; Y = Cl, F, Br, I) crystals. 
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Fig. 2. Imaging of the 3D NaCl crystals. (A) High-angle annular dark field scanning 
transmission electron microscopy (HADDF-STEM) image of Na—Cl@p-GO membranes. The 
inserted is the Na:Cl ratio for Na-Cl@p-GO membranes corresponding to the 5 marked regions. 
(B) High-resolution transmission electron microscopy (HR-TEM) image of Na—Cl@p-GO 
membranes. (C) Zoom-in image of the area indicated by the red boxed in (B). The upper-right 
inset is a fast Fourier transform (FFT) image of this area. (D) Background-removed inverse fast 
Fourier transform (IFFT) image of the selected area as (C). (E) Schematic drawings of the sample 
preparation process for imaging of cryo-electron microscopy (cryo-EM). (F) The diffraction 
pattern of (601) lattice plane from cryo-EM imaging. (G) The diffraction pattern of (301) lattice 
plane after 5° tile of the sample plane from cryo-EM imaging. 
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Fig. 3. Bandgap properties of 3D NaCl: crystal tested by experiments. (A) Experimental 
absorption spectrum of ultraviolet-visible-near-infrared (UV-VIS-NIR) for 3D NaCl. crystals. The 
experimental optical bandgap obtained from Tauc plot (4.27 eV) aligns well with the theoretical 
bandgap (4.22 eV). (B) Micro-photoluminescence (Micro-PL) spectra measured at 5 K for NaCl, 
p-GO and Na—Cl@p-GO membranes samples, respectively. (C) Sheet resistance of Na—Cl@p-GO 
membrane as a function of temperature. (D) The image of Na—Cl@p-GO membranes-based 
photoelectric detector. (E) I-V characteristic of Na-Cl@p-GO membranes-based photodetector 
under the dark and different illumination power intensities. (F) Time-dependent photo response of 
Na—Cl@p-GO membranes-based photodetector at different bias voltages. 


